Fate determination of germline stem cells remains poorly understood at the chromatin 3 structure level 1,2 . Here, we demonstrate successful production of offspring from 4 oocytes transdifferentiated from mouse spermatogonial stem cells (SSCs) with 5 tracking of transplanted SSCs in vivo, single cell whole exome sequencing, and in 3D 6 cell culture reconstitution of the process of oogenesis derived from SSCs. 7 Furthermore, we demonstrate direct induction of germline stem cells (iGSCs) 8 differentiated into functional oocytes by transduction of H19, Stella, and Zfp57 and 9 inactivation of Plzf in SSCs after screening with ovarian organoids. Using high 10 throughput chromosome conformation, we uncovered extensive chromatin 11 reorganization during SSC conversion into iGSCs, which was highly similar to female 12 germline stem cells. We observed that although topologically associating domains 13 were stable during SSC conversion, chromatin interactions changed in a striking 14 manner, altering 35% of inactive and active chromosomal compartments throughout 15 the genome. These findings have important implications in various areas including 16 mammalian gametogenesis, genetic and epigenetic reprogramming, biotechnology, 17 and medicine. 18 19 Main 20 Cell fate decisions, which require key gene regulation, remain poorly understood at 21 the chromatin structure level. Although three-dimensional chromatin architectures of 22 Mvh (mouse vasa homologue, expressed exclusively in germ cells), c-Ret 5 , Plzf 6 , 1
mouse gametes were recently reported, how they affect fate decisions of germline 23 stem cells remains to be explored 1-3 . 24 To characterize spermatogonial stem cells (SSCs), we firstly isolated by 25 magnetic activated cell sorting (MACS) using an anti-Thy-1 antibody after two step 26 enzymatic digestion of the testes from 6-day-old pou5f1 (also known as Oct4, a germ 27 cell-specific transcriptional factor)/GFP transgenic×C57BL/6 F1 hybrid mice 4 . Then, 28 the isolated SSCs were purified for GFP-positive SSCs by fluorescence-activated cell 29 sorting (FACS) (Extended Data Fig. 1a ). The purified SSCs were maintained on SIM 30 mouse embryo derived thioguanine-and ouabain-resistant (STO) feeder layers (see 31 METHODS) (Extended Data Fig. 1b ). After 3-5 days of culture, SSCs expanded into 32 clusters (Extended Data Fig. 1c ). Next, we determined the expression patterns of Oct4, 33 10 genes (2251) were differentially expressed between SSCs and ESCs, including 11 pluripotency-related genes Dppa4, Fgf4, Nanog, Sox2, and Klf4 (Extended Data Fig.   12 1k, l, fold change>2, P<0.05, t-test) and SSC-related genes Zbtb16(or Plzf), Gfra1, 13 Tex18, Piwil2, and Dazl (Extended Data Fig. 1k , l, fold change>2, P<0.05, t-test).
14 Therefore, these results demonstrated that SSCs had their apparent original property 15 rather than a pluripotent identity. To determine the imprinting pattern of SSCs, 16 differentially methylated regions (DMRs) of two paternal (H19 and Rasgrf1) and two 17 maternal (Igf2r and Peg 10) imprinted regions were examined in SSCs and ESCs by 18 bisulfite genomic sequencing. In SSCs, paternally imprinted regions (Extended Data 19 Fig. 1m , o) were methylated, while maternally imprinted regions were not methylated 20 (Extended Data Fig. 1n , p); this indicated an androgenetic imprinting pattern that was 21 different from that of ESCs. 22 For investigating SSC fate determination in the mouse ovary, pou5f1/GFP 23 transgenic mouse SSCs cultured for 3-5 days were directly transplanted into the 24 ovaries of premature ovarian failure (POF) mice (see METHODS). Phosphate derived from transplanted SSCs (Fig. 1c ). Mature oocytes from recipient ovaries were 5 then collected for karyotype analysis. The results showed that some mature oocytes 6 had the karyotype of 20, Y ( Fig. 1d I-V ). PCR analysis of DNA fragment Sry 7 confirmed that some mature oocytes contained a candidate of the Y chromosome ( Fig.   8 1d VI). However, control ovaries consisted of stromal and interstitial cells as well as 9 atretic follicles ( Fig. 1a II) . These results indicate that XY oocytes were regenerated in 10 POF females by transplantation of SSCs. 11 To examine whether XY oocytes derived from SSCs could produce offspring, 12 POF recipients were mated with wild-type C57BL/6 adult males at 35 days after cell 13 transplantation or PBS injection (control) 13, 14 . Control recipients were not fertile (n = 14 9). All POF recipients produced offspring (n=8, Fig. 1e I) with more males than 15 females per litter (male:female, 1.95:1.00). One hundred and sixteen of the 130 16 offspring were alive with a normal phenotype as well as fertile. Fourteen of the 130 17 offspring died at 1-6 weeks after birth. The offspring were examined for the presence 18 of GFP transgenes by Southern blot analyses ( Fig. 1e II) . Sixty-four of the 130 F1 19 progeny were heterozygous for the GFP transgene. Furthermore, simple sequence 20 length polymorphism (SSLP) analysis was performed with SSLP markers to confirm 21 that the offspring were derived from transplanted SSCs. The offspring from eight 22 recipients (see above) were distinct from POF (see METHODS) or C57BL/6 23 mice-their parents (POF mice and mated male); however, they had exactly the same 24 profiles as the SSCs from which they were derived (Fig. 1f ). After analysis of the 25 methylation status, five of the 20 offspring demonstrated abnormal methylation 26 patterns. Two offspring that did not survive showed high methylation in Peg 10 with 27 an increase of 21.46%±2.66% and 28.16%±2.87% compared with the control. The 28 remaining three demonstrated that H19 was highly methylated and increased by 29 16.66%±1.48% and 14.23%±1.38% or had low methylation with a decrease of 30 5 14.94%±1.26% compared with the control. Moreover, five out of six positive controls 1 (see METHODS) with FGSC transplantation were fertile with approximately equal 2 numbers of males and females per litter (male:female, 1.02:1.00), and their offspring 3 showed no abnormal phenotype. Fifty of the 101 offspring were heterozygous for the 4 GFP transgene (Extended Data Fig. 2f, g) . Although approximately 11% of the 5 offspring were abnormal, these results suggest that the XY oocytes derived from SSCs 6 can produce offspring in previously sterile recipients and generate transgenic progeny. 7 Control adult mice that received PBS injections into their ovaries did not produce 8 transgenic offspring. 9 For understand how the SSCs transdifferentiated into oocytes in recipient ovaries, 10 pou5f1/GFP transgenic mouse SSCs cultured for 3 days were directly transplanted 11 into the ovaries of POF mice, and then monitored by confocal laser scanning 12 microscopy. At 2 hours after SSC transplantation, the SSCs were observed in ovaries 13 of recipient mice, indicating that the SSCs had been successfully transplanted into the 14 mouse ovary (Fig. 2a ). The transplanted cells were found to migrate toward the edge 15 of the ovarian cortex at 2 days post-transplantation ( Fig. 2a ). At 3 days after 16 transplantation, the cells continuously migrated toward the edge of the ovarian cortex 17 and some of them reached the edge ( Fig. 2a ). When the transplanted cells had been in 18 the ovary for 4 days, all of them had migrated into the edge of the ovarian cortex ( Fig.   19 2a). Five days post-transplantation, transplanted cells settled in the edge of the ovarian 20 cortex and began to transdifferentiate into early primary oocytes ( Fig. 2a, b ). At 6-15 21 days after transplantation, the transplanted cells continued to transdifferentiate into 22 oocytes at various stages of development ( Fig. 2a ). This was confirmed by dual 23 immunofluorescence analysis of the expression of MVH and GFP in transplanted cells 24 ( Fig. 2c ). 25 To explore the mechanism of SSC fate determination when the SSCs were 26 transplanted into the recipient ovary, we performed bisulfite sequencing to analyze the 27 methylation status of these transplanted cells, mainly the differentially methylated 28 regions (DMRs) of paternally imprinted gene H19 and maternally imprinted gene 29 Peg10. It is noteworthy that no obvious change of methylation levels, including the 30 6 maternally or paternally imprinting gene, was observed at 2 hours after SSC 1 transplantation (Extended Data Fig. 3a-d) . At 3-4 days after transplantation, 2 methylation levels of H19 were reduced gradually to 68.3% and 60.8%, with a further 3 reduction to 37.9% and 23.8% at 5-6 days, suggesting that the bulk of methylation 4 erasure occurred at 5-6 days. The low levels of methylation were present at 9 days 5 and persisted to 15 days (Extended Data Fig. 3a, c) . In contrast, the maternally 6 imprinted gene Peg10 showed evidence of robust de novo methylation with an 7 increase to 45.7% methylation at 3 days and further increase to 78% methylation at 6 8 day, indicating that the bulk of methylation establishment occurred at 6 days. The high 9 methylation levels were maintained from 9 to 15 days (Extended Data Fig. 3b, d ). 10 These results suggested that the maternal DNA methylation pattern was directly 11 constructed during SSC development in recipient ovaries, and that the SSCs did not 12 dedifferentiate into PGCs. 13 Furthermore, we determined expression patterns of imprinted genes (H19, Grb10, 14 Gtl2, Rasgrf1, Peg10, Igf2r, and Snrpn) and important transcription factor genes (Plzf, 15 Stella or Dppa3, Zfp42, Zfp57, and Nanos2) during transdifferentiation of the 16 transplanted cells into oocytes in recipient ovaries based on data from our previous 17 studies 15, 16 . After comparing the expression of imprinted genes in the cultured SSCs (0 18 hour) and transplanted SSCs at 2 hours to 15 days post-transplantation, we observed 19 that paternally imprinted genes (H19, Grb10, Rasgrf1, and Gtl2) and transcription 20 factor genes (Stella and ZFP57) were gradually upregulated, especially at 3 and 6 21 days with a further increase from 9 to 15 days (Extended Data Fig. 3e ). In contrast, 22 along with transdifferentiation into oocytes of the SSCs in recipient ovaries, the 23 expression levels of these maternally imprinted genes (Peg 10, Igf2r, and Snrpn) and 24 transcription factor genes (Plzf, Zfp42, and Nanos2) underwent obvious reductions at 25 5-6 days with a continuous decrease from 9 to 15 days after transplantation (Extended 26 Data Fig. 3e ), suggesting establishment of the maternal imprinting pattern. 27 Based on the above results, we further screened for the critical imprinted genes 28 and transcription factor genes required for SSC conversion. The spatial organization 29 of the mammal genome is known to play an important role in the regulation of gene 7 expression 17 . Therefore, we used in situ high throughput chromosome conformation 1 capture (Hi-C) to further screen for the critical genes and found 6.28 billion unique 2 read pairs in SSCs and FGSCs. The compartment status was divided into two groups, 3 compartment A and B. By comparing A/B compartment statuses and chromatin loops 4 between SSCs and FGSCs (Extended Data Fig. 4 , Supplementary Table 1 -3), we 5 established combinations of six genes (6Gs), including imprinted genes, H19 and 6 Rasgrf1, and transcription factor genes Stella, Zfp57, Zfp42, and Plzf. After Fig. 6c ). For 22 confirmation, we performed genome-wide DNA methylation analysis in SSCs, iGSCs, 23 and FGSCs by MeDIP-seq. A total of 38.7 million reads, yielding 467,163 DNA 24 methylationsites (peaks) in three kinds of cell populations were generated. We 25 observed widespread variation in terms of DNA methylation during SSC transition 26 into iGSCs (Extended Data Fig. 7c ). Subsequently, we performed pair-wide 27 correlation analysis of the MeDIP data sets from SSCs, iGSCs, and FGSCs. We found 28 that the overall DNA methylation pattern of iGSCs was similar to that of FGSCs (r = 29 0.79), but it was less similar to that of SSCs (r = 0.59). Such a trend was evidenced 30 8 more clearly by individual regions of interest. For example, at the maternally 1 imprinted region Igf2r, the DNA methylation signal was relatively low in the Igf2r 2 promoter of SSCs. It increased remarkably and appeared to be almost at the same 3 level in iGSCs and FGSCs (Extended Data Fig. 7c, d) . A similar phenomenon was 4 also observed at the promoter region of Nr0b1, the gene encoding the orphan nuclear 5 receptor and required for development of male characteristics in mice 19 . These 6 observations suggest that DNA methylation contributed to the SSC transition. Next, 7 we compared global gene expression profiles among SSCs, iGSCs and FGSCs by 8 RNA sequencing. A total of 380,702,626 raw reads were generated. We detected 9 expression of 18229, 19755, and 18978 out of 24550 genes in SSCs, iGSCs, and 10 FGSCs, respectively. On average, 77% of the known mouse genes were expressed in 11 the sampled SSCs, iGSCs, and FGSCs. Hieratical clustering was performed, and the 12 results indicated that iGSCs were clustered with FGSCs, but separated from SSCs, 13 suggesting that the global gene expression profile of iGSCs was similar to that of 14 FGSCs (Extended Data Fig. 7e , f). Among these genes, Igf2r, a maternal imprinted 15 gene, showed high expression in SSCs and low level expression in iGSCs and FGSCs 16 (Extended Data Fig. 7f ), which was consistent with the results from the analysis of 17 genome-wide DNA methylation in SSCs, iGSCs, and FGSCs. 18 Hi-C interaction maps provide information on multiple hierarchical levels of 19 genome organization 20 . To understand how genome organization is involved in SSCs 20 transition to iGSCs, we also performed Hi-C experiments using two biological 21 replicates of iGSCs, generating a total of 2.96 billion unique read pairs. The Hi-C data 22 analysis showed the high order chromatin organization of the whole genome in SSCs, 23 iGSCs, and FGSCs ( Fig. 3a -c, Extended Data Fig. 9 ). To examine the characteristics 24 of their chromatin organization, we analyzed the pattern of compartment A/B in SSCs, 25 iGSCs, and FGSCs. We found a large degree of spatial plasticity in the arrangement of 26 the A/B compartments or redistribution of the spatial organization of their genomes 27 during SSC transition into iGSCs with 35% of the genome switching compartments. 28 Furthermore, we found that the regions that changed their A/B compartment status 29 corresponded to a single or series of topologically associated domains (TADs), 30 9 suggesting that TADs are the units of dynamic alterations in chromosome 1 compartments ( Fig. 3b ). Interestingly, we observed that iGSCs and FGSCs were 2 highly similar in their status of A/B compartments compared with SSCs ( Fig. 3c ). For 3 SSC transition into iGSCs, genes that changed from compartment B to A tended to 4 show higher expression, while genes that changed from A to B tended to show 5 reduced expression ( Fig. 3d ). Moreover, we identified 4353 genes with co-variation 6 between compartment switching and gene expression. For example, at the 7 compartment B region, Dppa3 expression was relatively low in SSCs. It increased 8 remarkably and appeared to be almost at the same level in iGSCs and FGSCs when 9 changing from compartment B to A ( Fig. 3e ). DNA methylation that changed from 10 compartment B to A also tended to show a reduced signal, whereas DNA methylation 11 that changed from A to B tended to show higher signal ( Fig. 3f ). Take together, these 12 results demonstrate that, when SSCs convert to iGSCs, there is a high degree of 13 plasticity in A and B compartments, corresponding changes in gene expression, 14 indicating that the A and B compartments have a contributory to cell type-specific 15 patterns of gene expression. 16 Developmental feature of ovarian organoids from FGSCs and iGSCs were 17 explored. At 2 weeks of 3D co-culture with the germline stem cells and somatic cells 18 from the fetal ovary, ovarian organoids were generated in FGSC and iGSC groups. 19 The organoids were completely filled with follicles which possessed oocytes. In 20 contrast, ovarian organoids were not formed in the SSC group. When the ovarian 21 organoids were 3D co-cultured for 3 weeks, the follicles grew obviously (Fig. 4a ). 22 After these follicles were 3D cultured individually for 2 weeks (see METHODS), a 23 large number of immature oocytes were obtained from the cultured follicles. 24 Moreover, Oct4-EGFP cells were detectable in iGSC and FGSC groups at 3 days of 25 3D co-culture. A number of EGFP-positive oocytes were observed in ovarian 26 organoids after 3 weeks of 3D co-culture ( Fig. 4a ). After 2-3 weeks of 3D co-culture, 27 however, the EGFP expression became weak ( Fig. 4a ). 28 For comparison between iGSC and FGSC groups, 905 immature oocytes from 29 the iGSC group were obtained from 27 ovarian organoids in 8 cultures with 30 33.52±4.27 immature oocytes per organoid. In the FGSC group, 1140 immature 1 oocytes were obtained from 36 ovarian organoids in 12 experiments with 31.67±3.86 2 immature oocytes per organoid. No difference in immature oocytes per organoid was 3 observed in both groups (Fig. 4b ). 4 To evaluate oogenesis during the ovarian organoid development, 5 immunofluorescence analysis of SCP3 and H2AX was performed. Furthermore, the 6 gene expression profiles during iGSC or FGSC differentiation were analyzed by 7 qRT-PCR. The results showed progression of meiotic prophase I from 7 to 21 days of 8 the germ cell differentiation in both groups (Fig. 4c ). The expression dynamics of 9 genes involved in oogenesis were similar between both groups (Extended Data Fig.   10 10).
11
After in vitro maturation for 17-20 hours, 48.9% and 51.3% of these immature 12 oocytes reached mature oocytes in iGSC and FGSC groups, respectively. In addition, 13 no difference in the number of mature oocytes was observed between the two groups 14 ( Fig. 4d , Extended Data Fig. 11a ). 15 To determine whether these mature oocytes could develop into offspring 16 following in vitro fertilization, embryo culture and transfer into pseudopregnant ICR 17 females were performed. The fertilization rate of the iGSC group (47.2%) was similar 18 to that of the FGSC group (49.9%). Subsequently, these zygotes developed to 2-cell 19 embryos ( Fig. 4e , Extended Data Fig. 11b ). After the embryo transfer, 53 20 (male:female, 1.65:1.00) out of 342 (for iGSC group) or 51 (male:female, 1.13:1.00) 21 out 355 (for FGSC group) were delivered as viable offspring with colored eyes ( Fig.   22 4f, Extended Data Fig. 11c ), indicating that the offspring were derived from C57BL/6 23 iGSC-or FGSC-derived oocytes, but not ICR oocytes among gonadal somatic cells. 24 The offspring were confirmed for the presence of GFP transgenes by Southern blot 25 analysis, and live imaging by a Lumazone imaging system ( Fig. 4g, h ). All of the 26 obtained offspring grew up normally and were fertile with no difference between the 27 two groups. After analysis of the methylation status, 10 offspring per group 28 demonstrated no observably abnormal methylation patterns (Extended Data Table 1 ). 29 Our findings provide a new strategy to investigate stem cell biology, biotechnology, of PC1 values for each gene across five cell types. The calculated covariance as a 10 metric to quantitatively define "concordance" was used. We compared these observed 11 covariance values with a random background distribution to calculate a P-value for 12 the covariance for each gene. Then, we produced the background distribution by 13 randomly shuffling the vector of FPKM for each gene and calculating the covariance 14 between the PC1 values and random gene expression vector. A rank-based P-value 15 could be calculated for observed covariance values with 1000 repeats for each gene. 16 Concordant genes were defined as those with a P-value of <0.01. mixture was changed to fresh culture medium, and the cells were cultured for 12 10 hours. SSCs were then infected for a third time. After overnight infection, the mixture 11 was changed to fresh culture medium, and the cells were cultured at 37°C with 5% 12 CO 2 . At day 6, the cells were subcultured at a 1:1-2 split ratio, and 100 ng/ml 13 puromycin was added to the FGSC culture medium to screen for puromycin-resistant 
